Abstract Ultraviolet B (UVB)-induced cyclooxygenase (COX)-2 and matrix metalloproteinase (MMP)-1 are representative markers for skin inflammation and photoaging, respectively. To evaluate compounds that may counteract the effects of UVB-induced skin damage, we developed an immortalized human keratinocyte (HaCaT) cell line with an MMP-1 reporter construct. Among the 30 botanical extracts screened, we selected Ephedra sinica extract (ESE) as a promising candidate and confirmed that ESE significantly suppresses UVB-induced COX-2 and MMP-1 expression in HaCaT cells. Treatment with ESE also potently suppressed UVB-induced ERK1/2 phosphorylation, as well as UVB-induced MEK1/2 and Raf phosphorylation in HaCaT cells. These findings suggest that our MMP-1 reporter system can be used to evaluate compounds with anti-inflammatory and anti-photoaging effects. We also report that ESE has potent suppressive effects against COX-2 and MMP-1 expression, which occurs via downregulation of Raf/MEK1/2/ERK1/2 phosphorylation.
Introduction
Excessive ultraviolet (UV) exposure can cause acute skin inflammation and chronic exposure has been linked to skin cancer [1] . While also dependent on genetic factors and lifestyle choices, repeated exposure to UV irradiation generally results in the appearance of irregular brown spots and wrinkle formation, collectively referred to as photoaging [2, 3] . In contrast to some acute skin diseases including sunburn, photoaging is not generally associated with severe pain. However, the deterioration of the skin's aesthetic qualities due to photoaging can cause considerable mental stress. Therefore, interest in new agents that can counteract the effects of photoaging is growing.
Analysis of UV-irradiated human skin samples has shown that collagen breakdown and reductions in collagen synthesis within the dermis are major causes of UV-induced photoaging [2] . Additionally, acute and chronic UV irradiation of human skin can cause skin inflammation [4] . The transcription factor AP-1 plays a critical role in these processes via regulation of mmp-1 and cox-2 gene expression, respectively [5, 6] . Due to the fact that AP-1 is a central mediator of UV-induced photoaging and inflammation, the development of analytical tools that efficiently screen compounds that can inhibit AP-1 activity represents a potential strategy to develop new anti-photoaging and anti-inflammatory agents.
Ephedra sinica (Ephedraceae) has long been cultivated in eastern China, Mongolia, and Russia [7] and is used in Chinese medicine (Chinese name: Ma Huang) for the treatment of colds, arthralgia, edema, and asthma [8, 9] . Additionally, the roots of ES are known to possess antisudorific properties [10] . A recent study has shown that consumption of a water extract of E. sinica reduces body weight and causes changes to gut microbiota [9] . Although there are some differences in content between the root and stem [10] , ephedrine alkaloids are the primary bioactive components of E. sinica that are likely to be useful for the treatment of asthma and colds [11, 12] . Accumulating evidence indicates that ES may be an effective ingredient for nutraceuticals, but to date, there has been no direct evidence that ES has any effect on UV-induced inflammation or the expression of genes relevant to photoaging.
In the present study, we developed a reporter gene assay to evaluate natural extracts that elicit an inhibitory effect on UVB-induced COX-2 and MMP-1 expression. Using the new system, we screened 30 natural extracts to determine which has the strongest inhibitory effect on UVBinduced MMP-1 promoter binding activity.
Materials and methods

Materials
Chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's Modified Eagle's Medium (DMEM), gentamicin, L-glutamine, penicillinstreptomycin and fetal bovine serum (FBS) were obtained from Thermo Scientific HyClone (Logan, UT, USA). The antibodies against MMP-1 and b-actin were purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). The antibodies against COX-2, p44/42 MAP Kinase, SAPK/ JNK, p38 MAPK, phospho-p44/42 MAPK (Erk 1/2) (Thr202/Tyr204), phospho-SAPK/JNK (Thr183/Tyr185), MEK1/2, phospho-MEK1/2 (Ser217/221), B-Raf, and phosphor-B-Raf were purchased from Cell Signaling Biotechnology (Beverly, MA, USA). The antibody against phosphorylated p38 MAPK (pT180/pY182) was purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Sample preparation and extraction procedure
Thirty samples were obtained from the Korea Plant Extract Bank, Korea Research Institute of Bioscience and Biotechnology (Daejeon, Korea). Ephedra sinica specimens were purchase from Kyungdong Market (Seoul, Korea). The specimen was deposited in the Plant Resources and Environment Department, Cheju National University, Korea and identified by a botanist, Dr. Ji-Hum Kim (Department of Plant Resources and Environment, Cheju National University). The samples were ground with a blender (Wonder Blender, Osaka Chemical Co., Osaka, Japan) to obtain a fine powder. Powdered materials were stored in plastic bags at room temperature for use in the extraction experiments. One hundred grams of dried powder were extracted with an Ultrasonic Processor VCX 750 (Sonics & Materials, Inc., Newtown, USA) with 1000 mL of 95% (v/v) ethanol and incubated at room temperature for 24 h. After precipitate removal, the extracts were concentrated to 100 mL with an IKA RV 10 Rotary Evaporator (IKA Ò Works, Guangzhou, China), then freeze-dried.
Cell culture, UVB exposure
Human epidermal keratinocyte HaCaT and 293T cells were maintained in DMEM containing 10% FBS, 100 units/mL of penicillin and 100 mg/mL of streptomycin at 37°C in a 5% CO 2 humidified incubator (Thermo Scientific, Heraeus BB15, MA, USA). UVB irradiation was conducted using a bank of four Westinghouse F520 lamps (National Biological, Twinsburg, OH, USA) at 6 J/s/m light in the UVB range. Approximately 10% of the additional radiation from the F520 lamp is in the UVA spectrum (320 nm). A UVB exposure chamber was fitted with a Kodak Kodacel K6808 filter eliminates all wavelengths below 290 nm. UVB radiation was measured using a UVX radiometer (UVX-31).
MMP-1 promoter assay
To evaluate the ability of various botanical extracts to activate the MMP-1 promoter, we constructed a pGreenFire (pGF1) vector containing the MMP-1 promoter [13] . For stable expression of pGF1 with the MMP-1 promoter, 293T cells were transfected with the pGF1 plasmid using Lipofectamine (ThermoFisher Scientific, MA, USA), following the manufacturer's instructions. The transfection medium was changed 4 h after transfection, and the cells were then cultured for 36 h. Virus particles were harvested by filtration using a 0.45-lm syringe filter, and then combined with 8 mg/mL of polybrene (Millipore) and infected into HaCaT cells for 24 h. The cell99 culture media was replaced with fresh culture medium and the cells were further cultured for 24 h, prior to selection with puromycin (1 lg/mL) for 36 h. Selected HaCaT cells (8 9 10 3 cells/ well) were seeded into 96-well plates, which were incubated at 37°C in a 5% CO 2 incubator. When the cells reached 80-90% confluence, they were starved by culturing in serum-free DMEM for a further 24 h. Cells were treated with ESE for 1 h prior to UVB (0.04 J/cm 2 ) exposure and then incubated for 5 h. The cells were disrupted with 100 lL of lysis buffer [0.1 M potassium phosphate buffer (pH 7.8), 1% Triton X-100, 1 mM dithiothreitol (DTT), and 2 mM EDTA], after which luciferase activity was measured with a luminometer (SpectraMax L, Molecular Devices, Sunnyvale, CA, USA).
Cell viability assay
To assess cell viability, HaCaT cells were seeded (1 9 10 3 cells/well) in 96-well plates and incubated at 37°C in a 5% CO 2 incubator. After the cells were treated with E. sinica extract (ESE) for 24 h, 20 lL of MTS reagent (Promega, Madison, WI, USA) was added to each well. After 1 h of incubation, absorbance levels for formazan at 490 and 690 nm were measured using a microplate reader (Bio-Rad Inc., Hercules, CA, USA).
Cell viability ð%Þ ¼ ðtreated cells of sample/untreated cellsÞ Â 100 ð%Þ:
Western blot assay
For Western blot assays, cells (1.5 9 10 6 cells/mL) were cultured in 10 cm dishes for 24 h, followed by starvation in serum-free DMEM for 24 h. Cells were then treated with ESE for 1 h and irradiated with UVB (0.04 J/cm 2 ). After incubation, the cells were collected and washed twice with cold PBS, before lysis in Cell Lysis Buffer (Cell Signaling Biotechnology, Beverly, MA, USA) and maintained on ice for 30 min. The lysate protein was washed via centrifugation and the concentration was determined using a DC Protein Assay kit (Bio-Rad Laboratories) following manufacturer's instructions. The lysate was subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Immobilon Ò -P transfer membrane, Bedford, MA, USA). Subsequently, the membranes were incubated in TBST with 5% skim milk for 1 h at room temperature. The membranes were incubated in the specific primary antibody dilution buffer with gentle agitation at 4°C overnight. After rinsing, the membranes were incubated in HRP-conjugated secondary antibody dilution buffer for 1 h at room temperature. Protein bands were visualized using a chemiluminescence detection kit (ATTO, Tokyo, Japan) after hybridization with a horseradish peroxidase (HRP)-conjugated secondary antibody.
Statistical analysis
As required, data are expressed as mean values ± SD with significant differences determined by one-way ANOVA (Analysis Of Variance). Statistical analysis was performed with GraphPad Prism 5.01 (GraphPad Software, Inc.) for Windows. A probability value of p \ 0.05 was used as the criterion for statistical significance.
Results and discussion
Generation of MMP-1 promoter expressing human keratinocyte HaCaT cells
Chronic exposure to UV-irradiation causes collagen damage in human skin, a hallmark of skin aging [3] . Abnormal expression of MMP-1 induced by UV directly degrades collagen in the dermis of skin, and multiple lines of evidence have shown that UV-induced MMP-1 expression is closely linked to photoaging [3, 5, 14] . Moreover, AP-1 play a critical role in photoaging by regulating mmp-1 gene expression [15] . Therefore, targeting the MMP-1 signaling pathway represent a promising strategy for the development of anti-photoaging agents. To screen effective antiphotoaging agents, we generated immortalized human keratinocyte HaCaT cells stably transfected with an MMP-1 promoter [13] . For stable expression of pGF1 with the MMP-1 promoter, transfection media from 293T cells harboring the pGF1 plasmid were used to treat human keratinocytes. After selection with puromycin, we confirmed that HaCaT cells were successfully transfected with the pGF1 vector containing the MMP-1 promoter [ Fig. 1(A) ].
Optimization of MMP-1 promoter transactivity and screening of inhibitory botanical extracts
To determine the optimal conditions needed to assess MMP-1 promoter activity, we investigated different doses of UV and incubation times. The reporter gene assay revealed that 0.04 J/cm 2 and 5 h were the optimal conditions for activating the MMP-1 promoter [ Fig. 1(B) ]. Using these cells, we screened 30 botanical extracts of interest. ESE was identified as the most potent anti-photoaging material, suppressing UVB-induced MMP-1 promoter binding activity by 79.0% (Table 1) . Previous studies have reported that E. sinica elicits multiple biological effects, including the inhibition of pigmentation formation [16] , as well as an anti-inflammatory [17] , and immune modulatory effects [18] . However, the effect of ESE on UVB-induced skin inflammation and photoaging has not previously been investigated.
Ephedra sinica extract (ESE) inhibits UVB-induced MMP-1 promoter activity in HaCaT cells
Evaluation of varying ESE concentrations on UVB-induced MMP-1 promoter binding activity and cell cytotoxicity revealed that ESE inhibits UVB-induced MMP-1 promoter binding activity in a dose-dependent manner [ Fig. 1(C) ]. The effective concentrations of ESE tested did not affect the viability of immortalized human keratinocyte HaCaT cells [ Fig. 1(D) ].
ESE inhibits UVB-induced MMP-1 and COX-2 expression in HaCaT cells
Because MMP-1 transcription is primarily regulated by AP-1 [19] and COX-2, which are two representative enzymes for inflammatory regulation [5] , we hypothesized that ESE may influence both MMP-1 and COX-2 expression by mediating AP-1 activity. Western blot results showed that ESE significantly suppresses UVB-induced MMP-1 and COX-2 expression in HaCaT cells (Fig. 2) , indicating that the MMP-1 promoter assay was indeed working as intended and suitable for identifying novel anti-photoaging and skin inflammation agents. Our previous study results indicated that the suppression of MMP-1 and COX-2 expression was closely related to UVB-induced skin inflammation [1, 20] and photoaging [21, 22] , respectively. In vivo experiment using an SKH-1 hairless mouse model are needed to confirm that ESE measurably attenuates UV-mediated skin inflammation and photoaging. activity is presented as the mean ± SD of three independent experiments. Hash symbols (#) indicate a significant difference (p \ 0.05) between the control group and the group exposed to UVB alone; asterisks [(*) and (**)] indicate significant differences [(p \ 0.05) and (p \ 0.01)] between groups irradiated with UVB and ESE and the group exposed to UVB alone. Data are presented as mean ± SD of three independent experiments. (D) ESE exhibits no detectable cell cytotoxicity up to 100 lg/mL in HaCaT cells. Cell viability was measured by MTS assay as described in ''Materials and methods'' Fig. 3(A) ]. A previous study showed that ERK phosphorylation plays a critical role in the regulation of AP-1 activity via its effect on Fra-1, a constituent of the AP-1 complex [24] . Our own study results have also shown that UVB-induced activation of ERK signaling plays an important role in AP-1 activity and MMP-1 expression by mediating Fra1 stability. Based on our previous study and in our current study results, phosphorylation of c-Jun and c-Fos stability by ERK activation plays a major role in AP-1 activity and MMP-1 expression [22] . Because ESE only affects ERK phosphorylation, we hypothesized that ESE may affect Fos-dependent protein stability. The results showed that ESE suppressed UVB-induced C-Fos nuclear translocation in HaCaT cells [ Fig. 3(C) ]. These findings suggest that suppression of Raf/MEK1/2/ERK1/2 phosphorylation by ESE subsequently inhibits UVB-induced COX-2 and MMP-1 expression via regulation of AP-1 activity.
Taken together, our results show that ESE is a potent inhibitor of UVB-induced MMP-1 promoter binding activity and significantly inhibits UVB-induced COX-2 and MMP-1 expression. This inhibition occurs via the suppression of UVB-induced Raf/MEK1/2/ERK1/2 phosphorylation and subsequent suppression of AP-1 activity. This represents the first report describing the anti-inflammatory and -photoaging effect of ESE and sheds light on the mechanisms of action responsible.
